Cellular localization of organelles, protein complexes and single mRNAs depends on the directed transport along microtubule tracks, a process mediated by ATP-driven molecular motor proteins of the dynein and kinesin superfamilies. Kinesin II is a heterotrimeric protein complex composed of two motor subunits and a unique nonmotor Kinesin-associated protein (Kap). Kap was shown to transport both particulate cargo, as axoneme components in rafts, and membrane-bounded organelles such as melanosomes. Drosophila Kinesin II was shown to be essential for the axonal transport of choline acetyltransferase in a specific set of neurons. We have generated Kap mutants and show that gene activity is not only required for neuronal function but also for separation of follicles during early oogenesis. The data suggest that Kap participates in the transport of signalling components required for instructive interactions between germline and soma cells.
INTRODUCTION
Asymmetric localization of cellular components, such as organelles, vesicles and mitochondria, depends on active transport along microtubule tracks by ATP-driven molecular motors of the dynein and kinesin protein superfamilies (reviewed in Goldstein & Yang, 2000) . Members of the Kinesin I and the Kinesin II/Kif3 families function in the transport of organelles as well as soluble cellular components, and have a major role in axonal transport from neuronal cell bodies to nerve termini in vertebrates, Caenorhabditis elegans and Drosophila (reviewed in Goldstein & Yang, 2000; Hirokawa, 2000) .
In Drosophila, Kinesin II forms a heterotrimeric complex (reviewed in Cole, 1999; Hirokawa 2000) composed of two motor subunits, KLP68D and KLP64D, and a singular nonmotor protein, the Kinesin-associated protein 3 (Kap3), which acts as adaptor and regulator of the complex (Ray et al, 1999) . Recent studies on KLP64D mutants suggest that Kinesin II is specifically required for the axonal transport of choline acetyltransferase in a subgroup of neurons (Ray et al, 1999) . A similar phenotype was reported for Kap mutants (Sarpal et al, 2003) , suggesting that Kap/ Kinesin II complexes are only required for neural function. However, in mice, humans and rats as well as in sea urchins and algae, Kinesin II was shown to be necessary for the formation and maintenance of cilia/axoneme structures (reviewed in Rosenbaum et al, 1999) . In some organisms, a third motor protein, Kif3C, has been identified. Kif3C was proposed to be part of distinct Kinesin II complexes, which act in a spatiotemporal and/or cell-specific fashion (reviewed in Cole, 1999) . We identified a Kif3C homologue in the Drosophila genome (CG17461; FlyBase, 2002; see supplementary information online), suggesting that the previous studies may not have revealed all aspects of Kinesin II-dependent Kap function in the fly (Ray et al, 1999; Sarpal et al, 2003) . To test this possibility, we generated Kap lack-of-function mutants. Here we report that in addition to the recently described neural function, Kap activity is also required in germ cells for proper follicle separation during oogenesis. The results suggest that Kap participates in signalling necessary for the establishment of follicle-separating stalk cells.
RESULTS AND DISCUSSION Generation and molecular analysis of Kap mutants
To assess Kinesin II requirement, we generated mutations affecting the single non-motor component Kap of Drosophila (Sarpal & Ray, 2002; own observation) . The organization of the gene (Fig 1) and the conserved domain structure of the protein as revealed by comparison of Kap with human, mouse and sea urchin homologues are shown ( supplementary Fig 1 online) . We recovered a semilethal mutation, l(1)G0396, in which a P{lacW} element (Peter et al, 2002) was inserted in the first intron of the Kap gene ( Fig 1A) . In all, 95% of hemizygous l(1)G0396 males develop into pupae and die as pharate adults; about 5% hatch and show a paralytic phenotype as described for KLP64D (Ray et al, 1999) . Precise excisions of the P-element (Bellen et al, 1989) resulted in wild-type flies, indicating that the P insertion is the cause of the mutation. We also obtained imprecise excisions (Bellen et al, 1989) , which represent hypomorphic Kap alleles, which have small internal deletions in the protein coding sequence. In addition, we obtained alleles such as Kap 89 , which lack the promoter and the first exon of the gene (Fig 1A) . Homozygous Kap 89 mutants fail to express Kap as revealed by in situ hybridization. In addition, their phenotype was as strong as the phenotype of transheterozygous Kap 89 /Df(1)v-N48 mutant individuals (data not shown). These findings indicate that Kap 89 is a null mutation. Kap 89 and the hypomorphic mutants could be rescued by Kap activity that was derived from an Actin5C enhancer-driven Kap cDNA transgene, confirming that the mutations affect only the Kap gene ( supplementary Fig 2 online) .
To determine the sites of Kap expression in the organism, we performed RNA in situ hybridization on staged ovaries and embryos. During oogenesis, Kap expression is observed in nurse cells from where transcripts are transported into the growing oocyte ( Fig 1B) . The transcripts remain ubiquitously distributed in eggs and embryos until the blastoderm stage ( Fig 1C) . Zygotic Kap expression is initiated during gastrulation in both ectoderm and mesoderm ( Fig 1D) and is subsequently enriched in neurons ( Fig 1E) . Based on the strong maternal expression of the gene, we asked whether Kap also has a role during oogenesis in addition to its recently reported function in the nervous system (Sarpal et al, 2003) .
Lack of Kap activity affects oogenesis
To assess the function of maternal Kap activity (Fig 1C) , we generated homozygous Kap mutant germline clones using the FLP/ovo D1 system (Chou & Perrimon, 1992) . Females with homozygous Kap 89 mutant germ lines are sterile, as germline mutant follicles degenerate after they reached stage 6 of oogenesis (100%; n41,000; staging according to Spradling, 1993) . Up to this stage, mutant follicles lacking Kap contain more cells than wild-type follicles. The supernumerary cells are either only nurse cells (type I follicles) or both nurse cells and oocytes (type II follicles). Type II follicles have multiple oocytes and a corresponding number (ratio 1:15) of extra nurse cells. Of all follicles scored (n41,000; more than 300 individuals examined), 50% showed mixed type I/II follicles. Of the remaining follicles, few (p5%) showed either type I or type II follicles only.
The supernumerary cells in type I follicles (Fig 2C-G) suggest that the mutant germline cells have undergone more than the normal four rounds of mitotic divisions. To confirm this proposal, we inspected the number of ring channels and the fusome of the germline mutant ovaries. Both structures derive from an incomplete separation of daughter cells after the division, resulting in a maximum of four ring channels in the case of the wild-type oocyte (reviewed in Spradling, 1993) and in a branched fusome structure that interconnects the germ cells of a follicle (de Cuevas & Spradling, 1998) . We found Kap mutant germ cells that have more than four ring channels (Fig 2C,G) and fusomes connecting up to about 50 cells (supplementary Fig 3 and movie online) . This indicates that at least one extra round of mitotic divisions occurs in Kap mutant follicles. The use of oocyte markers, such as gurken (grk) and oskar (osk) mRNA (reviewed in Riechmann & Ephrussi, 2001) , identified either one oocyte or multiple oocytes in ectopic locations within the follicles (Fig 3C-F) . Collectively, these findings indicate that the determination and the initial stages of oocyte differentiation do not depend on Kap activity, whereas the cellular processes underlying the formation of individual follicles and regulation of germ cell proliferation do.
Kinesin I has previously been shown to participate in the transport of distinct mRNA species and associated protein to the posterior pole of the Drosophila oocyte (Brendza et al, 2000; Cha et al, 2002) . To assess the integrity of this type of microtubuledependent transport in Kap 89 mutant follicles, we examined the expression and localization of the oo18 RNA-binding protein (Orb). Orb is necessary for the directed transport and localized translation of grk and osk mRNA, the axial polarity determinants of the growing oocyte (Chang et al, 1999 (Chang et al, , 2001 . We found that the expression of Orb is initiated normally, although it is not maintained subsequently (Fig 3B) . The oocyte determination factor Bic-D (Wharton & Struhl, 1989 ) and b-tubulin are expressed normally, and oskar RNA is normally expressed and transported in Kap 89 mutant follicles (data not shown). Thus, cytoskeletal structures and the transport of oskar mRNA into the growing Kap in Drosophila oogenesis R. Pflanz et al oocyte appear not to be directly affected by the lack of Kap activity.
Lack of Kap activity affects follicle separation
Separation of follicles during early oogenesis involves the formation of a characteristic intervening stalk structure (Spradling, 1993) . This structure derives from a small group of precursor cells (located in germarium region 2B), which develop into polar follicle cells and the stalk cells (Tworoger et al, 1999; Besse & Pret, 2003) . Kap in Drosophila oogenesis R. Pflanz et al such a phenotype was also observed with the Kap mutant ovaries (Fig 2C) , we asked whether polar follicle cells, which can be visualized by A101-lacZ expression (Fig 3G; Ruohola et al, 1991) , and stalk cells are formed. In Kap mutant follicles, supernumerary A101-lacZ expressing (Fig 3H) polar follicle cells were observed, whereas follicle-separating stalk cells were absent. Identical results were obtained by anti-FasIII antibody staining, a different marker for polar follicle cells (Ruohola et al, 1991 ; not shown). These observations suggest that stalk precursor cells fail to differentiate, remain in the follicle epithelium and express the molecular characteristics of follicle cells as has been observed in Notch mutants (Grammont & Irvine, 2001) . Clonal analysis showed that stalk cells are formed properly in the absence of Kap activity in the somatic epithelial cells (Fig 2J,K) . Thus, Kap activity has a cell autonomous effect on germline cell proliferation, and the absence of Kap in germ cells also affects somatic precursor cells in a non-cell autonomous manner. The non-autonomous Kap effect on follicle cell determination could be explained by a requirement for Kap for the transport and/or localization of components that are needed to signal cell fate to the surrounding somatic precursor cells. We therefore examined Kap mutant ovaries for the expression of Delta, which activates Notch signalling (Portin, 2002) , hedgehog (Forbes et al, 1996) and the JAK/STAT-activating ligand unpaired (Harrison et al, 1998) . Delta and hedgehog expressions were not affected (data not shown), whereas unpaired failed to be expressed in polar follicle cells of Kap germline mutant ovaries (Fig 3I,J) . This observation suggests that lack of Kap activity interferes with the signalling-mediated crosstalk between germline and somatic cells.
Recent studies on Kap/Kinesin II complexes showed that Kap is required for neural function (Ray et al, 1999; Sarpal et al, 2003) . Our results provide evidence that Kap activity in germline cells is required for the proper differentiation of a distinct group of epithelial cells, the stalk cells, which separate individual follicles during early oogenesis. We found that the absence of Kap in germ cells prevents somatic target cells from differentiating into proper polar follicle cells, because they fail to express the ligand Unpaired. Unpaired activates JAK/STAT signalling (Harrison et al, 1998) and thereby induces stalk cell fate in the respective precursor cells (McGregor et al, 2002) . We are currently investigating the details of the germline cell/polar follicle cell/ stalk cell signalling cascade to address the cellular mechanism of these interactions.
METHODS

